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Abstract This paper studies the interface curing stresses between polymethyl methacrylate (PMMA)
and composite by means of digital speckle correlation method (DSCM). A new method by combining
DSCM with the marker points is developed to measure the interface curing stresses, and the
measurement principle is introduced. The interface curing stresses between PMMA and composite
with diﬀerent curing bonding conditions are measured and analyzed, this indicates that the residual
stress for furnace heating and furnace cooling is the smallest. Finally, the measurement error is
discussed by means of ﬁnite element method, the inﬂuences of glass microsphere between adhesive
and PMMA can be ignored. c© 2011 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1105103]
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Adhesive technologies are widely used in many en-
gineering structures. The interface stresses between two
adherers will be inevitably existed due to curing condi-
tion, material mismatch and so on, which will inﬂuence
the strength and lifetime of joint.
In fact, the interface stresses are diﬃcult to measure
by means of traditional experimental methods. The in-
terface stress in nano crystalline iron and silver/nickel
interfaces were measured by using X-ray diﬀraction
measurements.1,2 Yao et al.3 studied the dynamic initi-
ation and growth of sub-interfacial cracks in a poly-
methyl methacrylate (PMMA)/aluminum bi-material
system by using caustics. Vazquez-Rodriguez et al.4
measured the maximum interfacial shear strength for a
thermoplastic–thermoset interface(PET/Epoxy) by us-
ing the photoelastic method. Digital speckle correlation
method (DSCM)5–9 can provide the full displacement
ﬁeld by comparing two speckle images before and after
deformation of the specimen, which is widely applied in
deformation measurements and nondestructive testing
due to the advantages including non-contact, simple op-
tical setup, high precision and no special environmental
requirement. Also the measuring noise on DSCM dis-
placement ﬁelds can be successfully removed by ﬁnite
element method (FEM).10
In this paper, the interface curing stresses between
PMMA and composite are measured using DSCM com-
bined with the marker points and the corresponding
measurement error is discussed by FEM.
In this study, the adhesive interface between PMMA
and composite is considered which consists of PMMA,
adhesive and woven cloth. The PMMA is non-
directional material, which belongs to isotropic. If the
adhesive is uniformly distributed in the curing process,
it is isotropic because of its random ﬂuidity. The woven
composite is orthotropic, and the principal direction is
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Fig. 1. Adhesive interface.
along the weaving direction. So, it can be assumed that
the principal directions of interface stresses are along
the weaving direction and interface stresses are evenly
distributed.
Figures 1(a) and 1(b) are the sketch map and ac-
tual picture for adhesion between PMMA and compos-
ite. Glass microspheres with four regions are embedded
in the interface (see Fig. 1(a), Regions 1-4) between
PMMA and the woven composites. The average dis-
placements at Regions 1-4 in x- and y-direction can be
obtained by using DSCM, respectively.
The key step of DSCM is to search for the maxi-
mum correlation between small zones in the deformed
and reference images from which the displacement can
be obtained at diﬀerent positions in the zone of interest.
The simplest image matching procedure is cross corre-
lation, which can determine the in-plane displacement
ﬁeld (u, v) by matching diﬀerent zones of two images.
Here, the correlation equations (3)–(6) in the DSCM
calculation is shown in
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Here, f(x, y) is the gray level value at position (x, y)
for the original image, g(x∗, y∗) is the gray level value
at position (x∗, y∗) for the target image, C is the max-
imum correlation factor, f¯ and g¯ are the average gray
values of the image f(x, y) and g(x∗, y∗), respectively.
The coordinates (x, y) and (x∗, y∗) are related by the de-
formation which occurred between two images. In this
method, the precision of the displacement measurement
will reach 0.05 pixels.
The interface strain in principal direction can be
obtained from
εx =
(u2 − u1)/(x2 − x1) + (u4 − u3)/(x4 − x3)
2
,
(2)
εy =
(v3 − v1)/(y3 − y1) + (v4 − v2)/(y4 − y2)
2
, (3)
where x1 − x4 and y1 − y4 are the average x- and y-
coordinates for Regions 1-4 (Fig. 1(a)), respectively.
The u1 − u4 and v1 − v4 are the average displacements
for Regions 1-4 (Fig. 1(a)) in x- and y-direction respec-
tively. Based on the principal strain, the principal stress
can be obtained from Hooke’s Law,
σx = E
εx + νεy
1− ν2 , (4)
σy = E
εy + νεx
1− ν2 , (5)
where E and ν are the elastic modulus and Poisson’s
ratio of PMMA, respectively. If the interface stress in
z-direction is ignored, the von Mises equal stress is
σequal =
√
2
2
√
(σx − σy)2 + σ2x + σ2y. (6)
The adhesive interface between PMMA and com-
posite is prepared. The acrylic ester glue is used, and
the whole adhesive structure joint is cured at 70 ◦C. Af-
ter placing 24 h at room temperature, the specimen is
tempered for 24 h at 90 ◦C. And the conditions for heat-
ing and cooling are used including: (1) furnace heat-
ing, curing, furnace cooling; (2) furnace heating, cur-
ing, speedy cooling; (3) speedy heating, curing, furnace
cooling; and (4) speedy heating, curing, speedy cooling.
The detailed experimental process is described as
follows:
(1) Spraying four small regions of glass micro-
sphere on the surface of the PMMA as the marker
points. Every region area of glass microsphere is
about 1 mm × 1 mm, and four marker points form a
10 mm × 10 mm square as shown in Fig. 1(a). Then
dry it at 40 ◦C in the oven.
(2) Put up the setup for DSCM in Fig. 2. Fix the
sample to the pedestal according to the beforehand de-
signed position.
(3) Place the specimen for half an hour in air to
ensure that the specimen is under room temperature.
Fig. 2. The measurement setup of DSCM.
Table 1. The average displacements between Figs. 3(a) and
3(b) for Regions 1-4.
Region x/pixel y/pixel u/pixel v/pixel
1 252.5 72.5 0.88 –1.99
2 1 077.5 62.5 –0.05 –2.41
3 252.5 882.5 1.24 –2.82
4 1 052.5 892.5 0.44 –3.40
Then use charge coupled device (CCD) in Fig. 2 to cap-
ture the initial speckle image (Fig. 3(a)).
(4) Coating with a thin layer of adhesive on the
PMMA, and the glass microsphere is between the
PMMA and the adhesive. Put the composite on the
adhesive to form a joining interface between composite
and PMMA. Then cure as the given conditions.
(5) Cool it for half an hour until room temperature.
Take the speckle image after unloading (Fig. 3(b)).
(6) Place the specimen at diﬀerent curing cases.
Take the speckle image before tempering (Fig. 3(c)).
(7) Temper and place the specimen for half an hour.
Capture the speckle image after tempering (Fig. 3(d)).
(8) Based on the digital speckle images (Fig. 3),
the displacements (Fig. 3(b) to Fig. 3(a), Fig. 3(c) to
Fig. 3(b), and Fig 3(d) to Fig. 3(c)) of four regions are
obtained by means of DSCM. In displacement calcu-
lation of DSCM, the average correlation coeﬃcient is
above 0.9. The displacement between Figs. 3(a) and
3(d) can be superimposed.
ud−a = ub−a + uc−b + ud−c, (7)
where ui−j presents the displacement between Fig. 3(i)
and Fig. 3(j) (i, j = a, b, c, d).
(9) Based on Eqs. (2)–(6), the von Mises equal stress
can be obtained.
Take Figs. 3(a) and 3(b) as an example, the average
displacements for Regions 1-4 measured by DSCM are
shown in Table 1.
Based on Eqs. (2) and (3), the strain εx is −1.063×
10−3, and εy is −1.108×10−3. The strains for Figs. 3(b)
to 3(c) and Figs. 3(c) to 3(d) can be obtained by the
same method. The interface residual stresses between
PMMA and composite with diﬀerent curing conditions
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Fig. 3. Speckle pattern on the interface.
Table 2. The interface residual stresses for diﬀerent curing
conditions.
Techniques of curing
Average
σequal/MPa
Furnace heating, curing, furnace cooling 18.4
Furnace heating, curing, speedy cooling 81.4
Speedy heating, curing, furnace cooling 39.9
Speedy heating, curing, speedy cooling 31.2
are shown in Table 2. The temperature gradient of fur-
nace cooling or heating are smaller than that for speedy
cooling or heating, it causes smaller residual stress. So
the residual stress with furnace heating and furnace
cooling is the smallest. Both speedy heating and speedy
cooling will cause larger interface stress. But the resid-
ual stresses caused by speedy heating and speedy cool-
ing are positive stress and negative stress, respectively.
They will counteract each other. The residual interface
stress is relatively small.
In fact, the interface layer with the embedded glass
microsphere will destroy the integrity of adhesive. The
main reason is that the physical and chemical reactions
between the glass microsphere and adhesive in curing
process will increase the noise of the speckle; also the
principal direction of strain will not be completely along
the weaving direction. But the inﬂuence of the embed-
ded glass microsphere is diﬃcult to evaluate by means
of experimental method. So FEM is used to simulate
the error caused by the embedded glass microsphere.
The volume of the adhesive layer will be changed
while the adhesive is cured, which causes the deforma-
tion and the residual stress in PMMA. The material
parameters for adhesive, PMMA and glass microsphere
are shown in Table 3. A model of interface is established
Table 3. The material parameter.
Material
Elastic
modulus/GPa
Expansion
coeﬃcient/(◦)
Adhesive 3.2 8.08× 10−5
PMMA 3.2 4.04× 10−8
Glass microsphere 10−6 8.08× 10−5
Table 4. The inﬂuence of glass microsphere.
Without glass microsphere
εx/10
−6 797
εy/10
−6 797.15
With glass microsphere
εx/10
−6 788.27
εy/10
−6 788.34
Error
δx/% 0.018
δy/% 0.009
for FEM analysis (Fig. 4).
When the temperature is under 10 ◦C, the displace-
ment ﬁelds for PMMA with and without glass micro-
sphere are shown in Fig. 5. Based on the displacement
ﬁelds, the corresponding strains with and without glass
microsphere are shown in Table 4. And the relative
error caused by embedding glass microsphere is only
about 0.1%. It is shown that the inﬂuence of glass mi-
crosphere can be ignored for the interface strain mea-
surement by using DSCM.
In this paper, the interface curing stress between
PMMA and woven composites is investigated experi-
mentally. Some important conclusions are summarized
as follows:
(1) A new method by combining DSCMwith marker
point is developed to measure the interface curing
stresses.
(2) The interface curing stresses between PMMA
and woven composites with diﬀerent curing conditions
are measured. The residual stress for furnace heating
and furnace cooling is the smallest.
(3) The inﬂuence of glass microsphere on interface
stress is analyzed by FEM. And the relative error caused
Fig. 4. The FEM model.
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Fig. 5. The displacement ﬁeld for PMMA. (a) without glass microsphere in x-direction; (b) with glass microsphere in
x-direction; (c) without glass microsphere in y-direction; (d) with glass microsphere in y-direction.
by glass microsphere can be ignored for this new method
to measure interface stresses.
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